bitter flavour caffeine critical weight Drosophila melanogaster feeding behaviour macronutrient balance nutritional geometry ontogeny of behaviour quinine trade-offs An animal's metabolism changes throughout development, obliging the animal to coordinate its feeding behaviour with its stage-specific nutritional requirements. Previous studies in the fruit fly Drosophila melanogaster showed that the developmental transition known as critical weight alters the response to nutrition in larvae; starvation reduces survival and dramatically delays development in precritical weight larvae, whereas it has more moderate effects on survival and accelerates development in postcritical weight larvae. We thus hypothesized that this change in sensitivity to nutrition might result in differences in feeding behaviour between the two stages. Using both no-choice and two-choice assays, we found that pre-and postcritical weight larvae had similar strategies for macronutrient balancing, both regulating protein intake at the cost of under-or overconsuming carbohydrates. Despite these similarities, precritical weight larvae regulated protein intake within more narrow limits than postcritical weight larvae. In addition, the larvae showed significant differences in the way they regulated macronutrient intake in the presence of bitter, potentially noxious compounds. Whereas precritical weight larvae avoided bitter food and showed only mild deficiencies in protein intake, postcritical weight larvae responded to these compounds by consuming less. When larvae were forced to choose between a higher quality diet tainted with quinine or caffeine and a lower quality diet containing less protein, larvae of both stages showed similar avoidance strategies but precritical weight larvae maintained a more constant protein intake than their postcritical weight siblings. Together, our results show that the developmental transition at critical weight modifies larval feeding behaviour, increasing our understanding of how developmental processes influence behaviour.
The consequences of poor nutrition for animal growth, development and life history change with developmental stage. Early, prolonged exposure to poor nutrition in juvenile stages has the potential to affect more life history traits than in adult stages (Barrett, Hunt, Moore, & Moore, 2009; Dmitriew & Rowe, 2007 , 2011 Metcalfe & Monaghan, 2001; Monaghan, 2008; Taborsky, 2006) . Further, sensitivity to poor nutrition, including its effects on survival, growth and metabolism, changes over the course of development (Koyama, Mendes, & Mirth, 2013; Lee, Kwon, & Roh, 2012; Simpson & Raubenheimer, 2012) . For example, in the caterpillar Spodoptera litura, feeding sixth-instar larvae on low-protein diets affects survival more than in the fifth instar (Lee et al., 2012) . However, how the changing nutritional requirements of developing animals are reflected in their food intake and food choices has received little attention Lee et al., 2012) .
Animals choose what and how much to eat based on a variety of interacting factors including their nutritional requirements, satiety state, reproductive state, food composition and presence of defensive or toxic chemicals Lee et al., 2012) . Classically, food choice has been explained using optimal foraging models which describe foraging behaviour as a function of a nutritional currency, typically either energy or single limiting nutrients, and foraging costs, including energy lost through foraging or food toxicity (Emlen, 1966; Emlen & Emlen, 1975; Pulliam, 1974; Rapport, 1971; Stephens & Krebs, 1986 ). These models have contributed crucial insight into how animals make food-related decisions, including whether to exploit, and how long to remain in, a food patch (Emlen, 1966; Krebs, Ryan, & Charnov, 1974; MacArthur & Pianka, 1966; Wolf, Hainsworth, & Gill, 1975) . However, they do not account for the fact that animals require multiple nutrients for their growth, survival and reproductive success (Raubenheimer, Simpson, & Mayntz, 2009; Simpson & Raubenheimer, 2012) .
More recent work has highlighted the importance of interactions between nutrients in the diet in determining what and how much animals eat, particularly in the context of the geometric framework for nutrition (Raubenheimer & Simpson, 1997 . This approach creates a nutrient space by varying two nutrients across a broad range, and exploring how the interactions between nutrients affect foraging decisions and the animal's biology. These studies have shown how the balance of nutrients in an animal's diet affect food intake, food choice and a wide range of life history traits in organisms as diverse as slime moulds, humans, cats, dogs, spiders and insects (Dussutour, Latty, Beekman, & Simpson, 2010; Fanson, Weldon, P erez-Staples, Simpson, & Taylor, 2009; Hewson-Hughes et al., 2013; Jensen et al., 2012; Lee, Cory, Wilson, Raubenheimer, & Simpson, 2006 , 2008 Mayntz, Raubenheimer, Salomon, Toft, & Simpson, 2005; Simpson, Batley, & Raubenheimer, 2003; Simpson & Raubenheimer, 2012) . This approach provides an excellent framework for understanding how nutritional requirements and food choice behaviour change with developmental stage.
Insects show several food-related behaviours that change throughout development. In the larvae of the fruit fly Drosophila melanogaster, digging activity increases with larval age (GodoyHerrera, 1986) , and larvae change from active foraging to food avoidance during the wandering stage at the end of larval development (Sokolowski, Kent, & Wong, 1984) . In addition to this transition to food avoidance at wandering, a developmental transition early in the third (final) larval instar (L3) known as critical weight determines how starvation affects survival and developmental time. Larvae starved before reaching critical weight show low survival and those that do survive significantly prolong the time to pupariation (Beadle, Tatum, & Clancy, 1938; Koyama, Rodrigues, Athanasiadis, Shingleton, & Mirth, 2014; Mirth, Truman, & Riddiford, 2005; Shingleton, Das, Vinicius, & Stern, 2005) . When starved after critical weight, larvae show higher rates of survival and pupariate earlier than fed larvae (Beadle et al., 1938; Koyama et al., 2014; Mirth et al., 2005; Stieper, Kupershtok, Driscoll, & Shingleton, 2008) . Given its effects on survival and developmental time in response to nutrition, we hypothesized that critical weight also acts to modify feeding behaviour.
Regulating developmental time plays an important role in shaping larval food choices. Our previous work showed that while survival from egg to pupariation and female and male body size were maximized in high-protein, low-carbohydrate diets, larval developmental time was minimized in intermediate protein to carbohydrate ratio diets (Rodrigues et al., 2015) . When choosing between two foods of differing protein and carbohydrate concentrations, third-instar larvae regulated their protein and carbohydrate intake towards the dietary conditions that minimized developmental time (Rodrigues et al., 2015) . Because critical weight alters how starvation affects development time, these findings provide further support for our hypothesis that critical weight changes food choice behaviour and rates of food intake.
In the wild, D. melanogaster larvae utilize rotting fruit and other decaying organic matter. As fruit decays, it becomes colonized by a succession of microorganisms that change its macronutrient content, chemical composition and pH (Lachaise, Tsacas, & Couturier, 1982; Matavelli, Carvalho, Martins, & Mirth, 2015; Morais, Martins, Klaczko, Mendonça-Hagler, & Hagler, 1995; Nunney, 1990) . Larvae choose between food patches within the rotting fruit and choose how much food to ingest based on the composition of a particular patch. Changes in the food substrate over time are expected to impact larval food choices, as larvae seek to meet their nutritional requirements and avoid chemicals produced by the microbial community, conspecifics and other animals exploiting the patch (Anagnostou, LeGrand, & Rohlfs, 2010; Beltramí, MedinaMuñoz, Del Pino, Ferveur, & Godoy-Herrera, 2012; Mast, Moraes, Alborn, Lavis, & Stern, 2014) . In other insects, such as the locusts Schistocerca gregaria and Locusta migratoria and the German cockroach, Blatella germanica, the presence of aversive compounds in the food alters dietary preferences and nutrient intake (Jensen, Schal, & Silverman, 2015; Raubenheimer & Simpson, 1990; Shik, Schal, & Silverman, 2014; Simpson & Raubenheimer, 2001) . Given this, in addition to altering their food choices to meet stage-specific nutritional requirements, we predicted that avoidance responses towards noxious compounds might also change with developmental stage.
In this study, we used the geometric framework for nutrition to explore how critical weight modified the way larvae (1) regulated their food choice and macronutrient intake, (2) changed their food choice to avoid bitter, potentially noxious compounds in the diet and (3) regulated their food choice and macronutrient intake when choosing between low-quality food and higher quality food tainted with noxious chemicals. Given that precritical weight larvae are more sensitive to starvation, we expected that they would show tighter regulation of their macronutrient intake, stronger avoidance of noxious compounds and be less willing to accept poor quality food over higher quality food tainted with noxious chemicals.
METHODS

Fly Stocks and Stock Maintenance Conditions
Drosophila melanogaster white 1118 (w
1118
) was obtained from the University of Cambridge. We chose this mutant strain as it is a commonly used control for behavioural screens, thus facilitating comparisons between studies. One caveat with using w 1118 mutants is that white encodes an ABC transporter known to alter the distribution of biogenic amines in the nervous system, sometimes generating behavioural defects (Borycz, Borycz, Kub ow, Lloyd, & Meinertzhagen, 2008) . Fly stocks were maintained as overlapping generations in 250 ml fly bottles at 25 C, in a 12:12 h light:dark regime and 60e70% humidity during stock maintenance. Experiments were performed under the same conditions apart from being in complete darkness. Adults were kept on standard food used in the laboratory, which included 45 g/litre molasses, 75 g/litre sucrose, 70 g/litre corn flour, 20 g/litre yeast extract, 10 g/litre agar and 0.25% nipagen.
Experimental Diets
Because D. melanogaster's natural food source contains primarily yeast and sugars, we produced different foods by varying the amount of yeast (Lesaffre SAF-Instant Red no. 15909, 31105, 31150, which contains 50 g protein and 33 g carbohydrate per 100 g) and sucrose (Sidul, Santa Iria de Az oia, Portugal, which contains 100 g carbohydrates per 100 g). We also added 0.5% agar and 0.25% nipagen to each diet, to control consistency and prevent fungal growth, respectively. In addition, we autoclaved the diets before distributing them into tissue culture dishes (55 mm diameter). Diets differed in caloric content, either 0.75 kJ/ml or 1.51 kJ/ml (45 g/litre and 90 g/litre, respectively), and protein to carbohydrate (P:C) ratio, either 1:32, 1:16, 1:8, 1:4, 1:2, 1:1 or 1.5:1.
Larval Staging
To assess behaviour in pre-and postcritical weight larvae, we carefully staged the larvae from the moult to the third larval instar.
We collected eggs at intervals of 4 h in standard laboratory food. Larvae were raised on standard food at controlled egg densities of less than 250 eggs per plate (55 mm petri dish filled with standard food). On the third day of development, larvae began moulting to the third instar. On this day, we floated the larvae out of the food using a 20% sucrose solution, collected all second-instar larvae (L2), and transferred them to a new plate with food. We then collected newly moulted third-instar larvae (L3) every 2 h, separating them into new food plates. Each group was subjected to this process no more than three times, and for no more than 20 min. Our previous studies have shown that in these conditions, larvae reach critical weight between 8 and 11 h after third-instar ecdysis (AL3E; Koyama et al., 2014; Mirth et al., 2005 Mirth et al., , 2009 . Precritical weight larvae were assayed at 5 h after L3 ecdysis (AL3E), while postcritical weight larvae were assayed at 20 h AL3E.
Experiment 1: No Choice
In this experiment, larvae were staged as above and then randomly placed into a 55 mm tissue culture dish filled with one of eight diets. These diets were of one of two caloric contents, 0.75 kJ/ ml or 1.51 kJ/ml, and one of four P:C ratios, 1:8, 1:2, 1:1 and 1.5:1.
Each diet was dyed either red or blue using 5 ml of dye per ml of food (Rayner's food dyes: red, catalogue no. 120067, and blue, catalogue no. 120043) to control for difference in intake with dye and to quantify the amount of food ingested by the larvae with a spectrophotometer (Rodrigues et al., 2015) . Larvae were left to feed for 1 h after which they were removed from the food by flooding the dish with 20% sucrose and placed inside a 1.5 ml centrifuge tube with 80 ml of ice-cold methanol. For each diet and each stage, we performed a minimum of 12 replicates, with 10 larvae per replicate.
Experiment 2: Two Choices
For the two-choice experiment, larvae were staged as above and offered one of 16 choice pairs. To make the two-choice assay plate, we filled a 55 mm tissue culture dish with a 3% agar solution. After the agar solidified, we cut it leaving a middle strip approximately 1 cm wide that separated the dish in half. Each half was filled evenly with an isocaloric food (1.51 kJ/ml) that contained one of seven protein to carbohydrate (P:C) ratios (1.5:1, 1:1, 1:2, 1:4, 1:8, 1:16 and 1:32). We assigned the choice pairs into three different choice groups, each covering a defined section of our nutrient space: (1) low protein, high carbohydrate; (2) intermediate protein and carbohydrate; and (3) high protein, low carbohydrate (see Table 1 ). We distinguished between the foods by dyeing them either red or blue (Appendix Fig. A1a) , and controlled for colour preference by switching the colours for each choice pair and by performing our experiments in the dark. To dye the foods, we used 5 ml of food dye (Rayner's food dyes: red, catalogue no. 120067, and blue, catalogue no. 120043) per ml of food. At this dye concentration, the larvae showed no preference for colour (Appendix Fig. A1b ). We placed 10 larvae in the centre of the two-choice assay plate on the 3% agar strip and allowed them to feed for 1 h, as our preliminary trials showed that this was the length of time required for larvae to fill their guts with food. After 1 h, the larvae were collected by flooding the plate with a 20% sucrose solution and transferred into a 1.5 ml centrifuge tube containing 80 ml of icecold methanol. We conducted a minimum of 12 replicates for each choice pair at each stage.
Experiment 3: Bitter Food Avoidance
We tested for differences between pre-and postcritical weight larvae in their avoidance of noxious substrates using a two-choice assay where one of the choices was tainted with one of two bitter, potentially noxious chemicals: quinine or caffeine. Larvae were staged as above and transferred onto the centre of the 3% agar strip of a two-choice assay plate. All diets were 1.51 kJ/ml with a P:C ratio of 1:8, but one of the choices was untainted while the second choice was tainted with either quinine or caffeine. Quinine and caffeine (Sigma no.145904 and no. C0750, respectively) were added to the foods at one of four concentrations (0.01%, 0.05%, 0.1% and 0.2% weight/volume). The bitter compounds were only added to the foods after these were autoclaved and cooled to 60 C. Both choices were dyed either red or blue as above, to control for colour preference. Larvae were left to feed for 1 h in the dark, collected and preserved in 80 ml of ice-cold methanol. We replicated each choice 12 times for both pre-and postcritical weight larvae.
Experiment 4: Trade-off
In this final experiment, we explored how pre-and postcritical weight larvae differed in the way they made food choices when forced to choose between low-quality food and higher quality food tainted with bitter compounds. The experimental design was similar to that for experiment 3, except larvae were offered a choice between an untainted diet with a P:C ratio of 1:32 or a 1:8 diet tainted with either quinine or caffeine at one of five concentrations (0.01%, 0.05%, 0.1%, 0.2% and 0.5% weight/volume). Both diets were 1.51 kJ/ml. As above, 10 larvae were left to feed for 1 h in the dark. Each choice pair was replicated 10 times for each developmental stage. Larvae were collected after 1 h and transferred to 80 ml of icecold methanol, as in the previous experiments.
Quantification of Food Intake
For all experiments, we quantified the amount of protein and carbohydrate ingested for each treatment by extracting the dye from the larval guts. We homogenized all 10 larvae from the sample in 80 ml of methanol and centrifuged the solution at 13 g for 10 min at 4 C. From each sample, 60 ml of the supernatant was taken and placed in a well of a 96-well plate. As standards, we used a two-fold dilution (1:2 dilution) series of each dye, using a starting concentration of 4 ml dye/ml of methanol. We calculated the proportions and the absolute amounts of each food inside the guts of 10 larvae by measuring the absorbance of each sample at 450 nm for the red dye and at 600 nm for the blue using a Victor3 multilabel plate reader (Perkin Elmer). We used the nutritional composition of the diets offered and the quantities of dye ingested to calculate the amount of protein and carbohydrate ingested.
Statistical Analysis
To understand the effects of developmental stage and nutritional composition of the diet on food intake for the no-choice assays, we fitted the data with generalized linear models using stage, P:C ratio and caloric content as factors and including all possible interactions. To linearize the data for amount of food eaten in the no-choice assays, we applied a log 10 transformation to the data. For the two-choice experiment, we first determined the extent to which larvae mixed foods by offering pre-and postcritical weight larvae a wide range of food pairs with the same caloric content (1.51 kJ/ml) but with varying P:C ratios (Table 1) . After the larvae fed for 1 h, we counted the larvae that contained a mixture of the two colours, distinguishable by eye, inside their guts. The percentage of larvae with a mixture of the two foods inside their guts varied between a median of 10 and 29%. Variation in the mixing of foods differed significantly between choice pair groups and with interactions between stage and choice pair groups (Table A1) . We tested for significant preferences between choice pairs in the twochoice experiment by fitting linear models to the proportion of higher protein food in the gut and examining the effects of stage and choice pair. We compared the least squared means to a m of 0.5, representing no significant preference. For the no-choice and twochoice assays, we explored how stage, caloric content, P:C ratio and all possible interactions affected carbohydrate and protein intake using multivariate linear models and MANVOVA. To test for differences in the proportion of each food in the guts for the quinine/ caffeine avoidance and trade-off experiments, we fitted the proportion of bitter food in the larval guts with linear models and tested for the effects of stage, compound type and compound concentration.
For the no-choice and two-choice experiments, we tested for differences in variance between protein and carbohydrate intake as a measure of how tightly larvae regulated the intake of each. To do this, we calculated j(x ij À x i. )/x i. j where x ij is the measured variable from the jth case from the ith group and x i. is the median for the ith group for each macronutrient. This resulted in a data set of normalized differences from the median for each data point. We then used nonparametric KruskaleWallis and post hoc Dunn's tests to test for differences in the variation of protein and carbohydrate intakes both within and between larval stages.
To determine how the w 1118 genotype affects larval feeding behaviour with respect to wild type, we compared the data generated in experiment 2 of this study to our previously published twochoice data using an outbred population (Rodrigues et al., 2015) . In this previous study, postcritical weight larvae were offered a choice between two foods varying in their P:C ratios (four choice pairs: 1:2/ 1:16,1:1/1:8,1.5:1/1:4 and 1.5:1/1:8) for 1.5, 3 or 6 h (Rodrigues et al., 2015) . We compared the variation in protein and carbohydrate intake using nonparametric KruskaleWallis and post hoc Dunn's tests and by MANOVA, using protein and carbohydrate intake as the dependent variables and the data set as the independent variable. Finally, for all four experiments, we calculated the normalized intake for each macronutrient as a measure of how much larvae deviated from the median intake across diets. To remove the confounding effects of different body sizes between pre-and postcritical weight larvae on intake patterns, we normalized the protein and carbohydrate intake by developmental stage. We calculated the normalized intake by subtracting the stage-specific median from the total intake for each sample. For the no-choice and two-choice experiments, this was the stage-specific median across all conditions. For the quinine/caffeine avoidance and trade-off experiments, this was the stage-specific median for either the 1:8 food or the untainted 1:8/1:32 food choice pair, respectively. In these normalized intakes, a value of zero indicates that the macronutrient intake for that dietary condition is equal to the median. A negative deviation represents an intake deficit while a positive deviation represents intake excess with reference to the stage-specific median. The data were then fitted with linear models using the normalized intake values as the dependent variable and the caloric concentration, P:C ratio and stage as independent variables.
All data sets and scripts are freely available from Figshare (https://figshare.com/s/6920566e5169717619b0, DOI: 10.4225/03/ 57BFC7F8CFEA6).
Ethical Note
The stock of w 1118 of D. melanogaster has been maintained in our laboratory for over 10 years. We maintain our stocks in fly vials or bottles using the standard laboratory food described above at 18 C and 50e70% relative humidity. Our husbandry protocols conform to the animal ethics norms at the Instituto Gulbenkian de Ciência and at the Monash University.
RESULTS
Experiment 1: No Choice
We first tested whether larvae changed the way they regulated the volume of food ingested across a range of diets that varied in their protein, carbohydrate and caloric content according to whether they were pre-or postcritical weight. For both stages, the amount of food ingested decreased with the increasing P:C ratio of the food (Fig. 1a , Table 2 ). In addition, larvae of both stages ate more of the lower calorie foods than the higher calorie foods, with a significant difference in the interaction between the caloric content of the food and the P:C ratio (Fig. 1a, Table 2 ). There were significant differences in the amount of food eaten between the stages. Precritical weight larvae ate less than postcritical weight larvae, with a significant interaction between stage and P:C ratio (Table 2) . These results suggest that (1) larvae change their feeding rates to control their protein intake and (2) there are significant differences in how pre-and postcritical weight larvae regulate their feeding with respect to the protein and carbohydrate composition of the diet.
To test these hypotheses, we compared the intake of the two most abundant macronutrients in the larval diet, protein and carbohydrate, across diets and for each stage (Fig. 1b, Table 3 ). We found that the bivariate carbohydrate and protein intakes varied significantly with the caloric content and P:C ratio of the diet, with significant interactions between the two factors (Table 3) . Furthermore, we observed significantly greater variation in carbohydrate intake than in protein intake ( Fig. 1b ; KruskaleWallis rank sum test: c 2 3 ¼ 60.05, P < 0.001, quartile coefficient of dispersion for protein and carbohydrate intake ¼ 0.45 and 0.57, respectively).
Carbohydrate and protein intake also varied significantly with developmental stage, with postcritical weight larvae eating more of both macronutrients than precritical weight larvae. Furthermore, the interactions between developmental stage and the caloric content of the diet and between stage and the P:C ratio were significant (Table 3 ), suggesting that larvae change the way they regulate their food intake with developmental stage.
We next sought to explore whether pre-and postcritical weight larvae differ in how they balance their macronutrient intake. Because pre-and postcritical weight larvae eat differing amounts of food, it is difficult to compare how each stage prioritizes its macronutrient intake from the raw values of protein and carbohydrate ingested. For this reason, we normalized macronutrient intake by the stage-specific median to account for the difference in volume of food ingested between stages. In these normalized intakes, a value of zero indicates that the macronutrient intake for that dietary condition is equal to the median. A negative value represents an intake deficit while a positive value represents an intake excess with reference to the stage-specific median. Because the variance for protein and carbohydrate intake differed (see above), we analysed each macronutrient separately. (aed) Larvae were fed eight no-choice foods that contained either 0.75 kJ/ml (grey) or 1.51 kJ/ml (black) and one of four protein to carbohydrate (P:C) ratios: 1.5:1, 1:1, 1:2 and 1:8. Large symbols represent the medians and small symbols represent the data points. (a) Volume of food inside larval guts after 1 h of feeding in each of the no-choice foods assayed in precritical weight and postcritical weight larvae. (b) Amount of protein and carbohydrate inside larval guts after 1 h of feeding in each of the no-choice foods. Dashed lines show the P:C ratios for each of the diets. (c) Protein intake was normalized to the stage-specific median for all diets (dashed line at 0), and the normalized protein intake was plotted against P:C ratio for each caloric concentration and each stage. (d) Carbohydrate intake was normalized to the stage-specific median for all diets (dashed line at 0), and the normalized carbohydrate intake was plotted against P:C ratio for each caloric concentration and each stage. We found that calories and P:C ratio and the interactions between the two affected the normalized protein intake (Fig. 1c , Table 4 ). Postcritical weight larvae deviated more from the median for protein intake at the lowest P:C ratios, resulting in a significant interaction between the P:C ratio of the diet and stage (Fig. 1c , Table 4 ). Normalized carbohydrate intake varied with the calories and P:C ratio of the diet, and all possible interactions were significant (Fig. 1d, Table 4 ). This suggests that larvae regulate protein intake at the expense of carbohydrate intake, and that developmental stage significantly affects how larvae adjust their food intake with the composition of the diet.
Experiment 2: Two Choices
In the no-choice diets, larvae can only regulate their macronutrient intake by changing the volume of food ingested. However, if larvae can choose between foods that vary in their macronutrient composition, they could potentially regulate their nutritional intake by mixing foods in different proportions. Therefore, we next asked whether larvae of different developmental stages varied in the way they regulated their macronutrient intake when allowed to choose between diets of different compositions.
By quantifying the proportion of each food in the guts, we could assess whether larvae showed preferences between diets in the choice pairs. We found significant effects for stage (F 1,399 ¼ 27.69, P < 0.001), choice pair (F 15,399 ¼ 10.59, P < 0.001) and their interactions (F 15,399 ¼ 5.50, P < 0.001) on the proportion of higher protein food extracted from the larval guts. We identified a significant preference as a proportion of the higher protein food significantly different from m ¼ 0.5, which represents no choice. Both pre-and postcritical weight larvae showed significant preference for higher protein food for the 1:16/1:32 and 1:8/1:32 choice pairs (Appendix Table A2 ).
We next explored how larvae of different stages regulated their macronutrient intake when offered choice pairs that would allow them to reach different parts of the nutrient space. Similar to what we observed in the no-choice assay, we found that larvae varied their protein and carbohydrate intake significantly with choice pair group and stage (Fig. 2a, Table 5 ). Overall, precritical weight larvae consumed less protein and carbohydrate than postcritical weight larvae, and both stages increased their carbohydrate intake and lowered their protein intake on the high-carbohydrate choice pairs (Fig. 2a) . Further, the interaction between choice pair group and stage was significant (Table 5) , suggesting again that pre-and postcritical weight larvae differ in how they change their rates of feeding with the macronutrient composition of the diet. Finally, similar to the no-choice assay, we found that larvae showed significantly less variation in their protein intake than their carbohydrate intake (KruskaleWallis rank sum test: c 2 3 ¼ 68.97, P < 0.001, quartile coefficient of dispersion for protein and carbohydrate intake ¼ 0.35 and 0.42, respectively).
To further explore how critical weight modified the rates of macronutrient intake, we compared the patterns of normalized protein and carbohydrate intake between stages. We found that the choice pair group significantly affected normalized protein intake Table 4 The effects of calories, P:C ratio and larval stage on normalized protein and carbohydrate intake after 1 h of feeding on one of eight diets . Larval macronutrient intake in relation to dietary P:C and developmental stage. (aec) Larvae were offered a choice between two foods of equal caloric content (1.51 kJ/ml), but differing in their protein to carbohydrate (P:C) ratios (1.5:1, 1:1, 1:2, 1:4, 1:8, 1:16 and 1:32). These choice pairs were divided into three groups (Table 1) : high carbohydrate, low protein (circles in a), intermediate carbohydrate and protein (triangles in a) and low carbohydrate, high protein (squares in a). Large symbols represent the medians and small symbols represent the data points. (a) Protein and carbohydrate intake for 10 larvae after 1 h of feeding in the two-choice foods for each of the nutritional groups and for each larval stage. Dashed lines highlight the protein to carbohydrate ratios of the diets from the choice pairs. (b) Protein intake was normalized to the stage-specific median (dashed line at 0), and the normalized protein intake was plotted against choice groups for each larval stage. (c) Carbohydrate intake was normalized to the stage-specific median across all diets (dashed line at 0), and the normalized carbohydrate intake was plotted against choice groups for each larval stage. (Fig. 2b, Table 6 ). Further, postcritical weight larvae showed lower protein intake in the low-protein, high-carbohydrate choice group than precritical weight larvae (Fig. 2b) , resulting in a significant interaction between stage and choice group (Table 6 ). Normalized carbohydrate intake varied significantly with choice group, with larvae of both stages consuming the most carbohydrates in the lowprotein, high-carbohydrate choice pairs (Fig. 2c, Table 6 ).
As the w 1118 mutant strain that we used has been shown to generate behavioural abnormalities (see above), we determined whether our mutant larvae were regulating their macronutrient intake in a similar manner to wild-type larvae. We compared the current two-choice data set to our previously generated data set using an outbred population of D. melanogaster (Rodrigues et al., 2015) . Across the two data sets for postcritical weight larvae, both strains showed significantly greater variation in carbohydrate intake than protein intake (Appendix Fig. A2 ; KruskaleWallis rank sum test: c 2 3 ¼ 109.12, P < 0.0001; pairwise Dunn's tests: w 1118 : quartile coefficient of dispersion for protein and carbohydrate intake ¼ 0.26 and 0.41, respectively, Z 3 ¼ À4.78, P < 0.0001; outbred: quartile coefficient of dispersion for protein and carbohydrate intake ¼ 0.21 and 0.44, respectively, Z 3 ¼ À9.28, P < 0.0001). The variation in carbohydrate and protein intake was statistically indistinguishable between data sets. The outbred larvae ate significantly more protein than the w 1118 larvae (Appendix Fig. A2 ; bivariate linear regression model: T ¼ 5.389, P < 0.001), presumably because larvae were left to feed for longer intervals in the Rodrigues et al. (2015) study. However, the overall patterns of macronutrient intake appear comparable between strains. Taken together, these results suggest that (1) larvae of both stages tune their feeding rates to regulate their protein intake at the cost of over-or underconsuming carbohydrate and (2) precritical weight larvae regulate their protein intake more tightly than postcritical weight larvae.
Experiment 3: Bitter Food Avoidance
We next explored whether pre-and postcritical weight larvae also differed in the way they respond to noxious compounds in their food. To do this, we employed a two-choice assay offering foods of the same caloric concentration and P:C ratio (1.51 kJ/ml and 1:8), but where one of the foods was tainted with different concentrations of either quinine or caffeine, both bitter, potentially noxious compounds. We hypothesized that the achievement of critical weight would either (1) change larval avoidance behaviour to the bitter/noxious compounds and/or (2) change their nutritional intake.
To test our hypotheses, we first analysed the larval avoidance towards the bitter/noxious compounds by measuring the proportion of noxious food inside the larval guts after 1 h of feeding in the two-choice assays (Fig. 3a) . We found that the proportion of noxious food in the guts was affected by larval stage, compound type and compound concentration (Table 7 ). In addition, interactions between the compound and its concentration and between all three factors significantly affected the proportion of noxious food in the larval guts (Table 7) . Precritical weight larvae avoided quinine-tainted food more than postcritical weight larvae (Fig. 3a) . Larvae that were precritical weight avoided quinine at all concentrations, whereas postcritical weight larvae only avoided quinine at the highest concentrations. Both larval stages responded similarly to caffeine, increasing their avoidance of caffeine-tainted food with increasing caffeine concentration. Thus, the developmental transition at critical weight changed the avoidance behaviour depending on the type of bitter compound.
Next, we determined how avoidance of noxious compounds affected how larvae regulate their macronutrient intake across developmental stages. Because in this assay the macronutrient content of both diet choices were equal, we only examined how normalized protein intake changed with compound concentration. In this case, we calculated the normalized protein intake in both larval stages with reference to the median protein intake for the untainted 1:8 diet, called the 1:8-normalized intakes (Fig. 3b) .
In the presence of quinine, postcritical weight larvae showed lower protein intake than precritical weight larvae (Fig. 3b, Table 8 ). For caffeine, even though pre-and postcritical weight larvae showed similar avoidance behaviour to this compound, precritical weight larvae showed greater reductions in their protein intake than postcritical weight larvae (Fig. 3b, Table 8 ).
Experiment 4: Trade-off
Given that, in general, precritical weight larvae regulated their protein intake within tighter limits and showed increased sensitivity to bitter compounds, our final experiment sought to understand how critical weight affects macronutrient intake when larvae are forced to choose between low-protein foods and higher protein foods tainted with bitter compounds. We offered pre-and postcritical weight larvae the choice between two foods of the same caloric concentration (1.51 kJ/ml), but differing in P:C ratios (1:8 versus 1:32). The higher protein food choice (P:C of 1:8) was tainted with a range of concentrations of either quinine or caffeine. In the absence of these bitter/noxious compounds, both larval stages showed a strong preference for the 1:8 food as their guts were mostly filled with this food after 1 h of feeding in the 1:8/1:32 choice pair (Fig. 4a) .
We first assessed how developmental stage affected food choice behaviour by measuring the proportion of each food inside the larval guts. We observed that both pre-and postcritical weight larvae responded to increasing concentrations of both quinine and caffeine by consuming lesser proportions of the bitter 1:8 food and increasing the proportion of the 1:32 food consumed (Fig. 4a) . This trade-off depended on the compound concentration and on the interaction between compound type and concentration, but not developmental stage (Table 9 ). This implies that the two larval stages use similar choice strategies when choosing between lowprotein food and bitter, noxious compounds in the food. We next determined whether macronutrient intake in larvae forced to choose between low-protein food and bitter/noxious compounds varied with developmental stage. We normalized protein or carbohydrate intake in each condition to the stage-specific median intake in the 1:8/1:32 choice pair in the absence of bitter/ noxious compounds, termed the 1:8/1:32-normalized intakes. Compound type, compound concentration and stage all had significant effects on the amount of protein larvae consumed relative to the 1:8/1:32-normalized intakes, with significant interactions between stage and concentration and stage and compound (Table 10) . We observed that postcritical weight larvae decreased their protein intake in response to bitter compounds more than precritical weight larvae, with the largest protein deficits occurring in postcritical weight larvae exposed to quinine (Fig. 4b, Table 10 ). given the choice between a pair of foods with the same nutritional composition (1.51 kJ/ml and a protein to carbohydrate (P:C) ratio of 1:8) but one food was tainted with caffeine or quinine. Large symbols represent the medians and small symbols represent the data points. (a) Proportion of food tainted with the bitter compound found inside the larval guts after 1 h of feeding in the two-choice assays. The dashed line represents an equal proportion of both foods indicating no preference (m ¼ 0.5). (b) Protein intake was normalized to the stage-specific protein intake on 1:8 food without the bitter compound, represented by the dashed line, and normalized protein intake was plotted against compound concentration for each stage and each compound.
Compound type significantly affected normalized carbohydrate intake (Fig. 4c, Table 10 ) and all interactions were significant apart from the interaction between stage and compound concentration (Table 10) . Postcritical weight larvae exposed to quinine showed greater carbohydrate intake than precritical weight larvae exposed to either compound or to postcritical weight larvae exposed to caffeine. This suggests that pre-and postcritical weight larvae show similar avoidance strategies when forced to choose between lowprotein diets and bitter, noxious compounds, but differ in the way they regulate their food consumption when trying to meet their nutritional needs.
DISCUSSION
As the body of the developing animal changes, so do its metabolic requirements. These changes throughout development should be matched by changes in behaviour . Here, we have explored how feeding behaviour changes with developmental stage in D. melanogaster larvae. We focused on changes in behaviour at critical weight, as this developmental transition profoundly affects the way larvae respond to starvation. Our prediction was that given the dramatic effects of starvation on larval development time and survival before critical weight, precritical weight larvae should choose to regulate their macronutrient intake more carefully than postcritical weight larvae. Precritical weight larvae fed on sucrose-only diets also show dramatic developmental delays (Mendes & Mirth, 2016; Mirth et al., 2009) suggesting that protein is likely to be the limiting macronutrient for initiating metamorphosis on time. Thus, we expected that precritical weight larvae would regulate their protein intake to ensure timely development.
Macronutrient intake has been examined in several insect species providing us with a ready-made framework for interpreting larval intake patterns. Generally, species in this taxon use one of three types of feeding strategies : (1) the no-interaction rule where the regulation of intake for a given nutrient is independent of the other; (2) the equal-distance rule where animals regulate their intake such that the deficit incurred in one nutrient exactly matches the excess incurred in the other; and (3) the closest-distance rule where animals feed to the point in nutrient space that, for a given P:C ratio, represents the closest possible geometrical distance from their intake target.
Our results indicate D. melanogaster larvae of both stages follow the no-interaction rule, regulating the intake of protein at the cost of carbohydrate dysregulation. The no-interaction rule of nutritional compromise was shown for fifth-instar nymphs of L. migratoria forced to choose between a mineral salt mixture and protein/digestible carbohydrate: the nymphs dysregulated salt consumption to maintain the intake of protein and carbohydrate (Trumper & Simpson, 1993) . In all cases, independent macronutrient regulation presumably occurs because the mechanisms regulating the intake of the first macronutrient are far stronger than those regulating the second (Trumper & Simpson, 1993) . Given their strong dependency on protein for survival, organ growth and developmental timing (Mirth et al., 2005; Mendes & Mirth, 2016; Rodrigues et al., 2015) , it makes sense that D. melanogaster larvae prioritize protein intake over carbohydrate intake.
The prioritization of protein intake over the intake of other macronutrients has been observed in many animals and is frequently referred to as the protein leverage hypothesis . Similar to what we have found for D. melanogaster larvae, when given three food pairs with different P:C ratios, nymphs of the generalist grasshopper Melanoplus differentialis kept protein, but not carbohydrate, intake constant (Le Gall & Behmer, 2014) . Mice, Mus musculus, the Peruvian spider monkey, Ateles chamek, and humans also regulate protein intake at the expense of nonprotein energy when choosing between foods (Felton et al., 2009; Simpson et al., 2003; Sørensen, Mayntz, Raubenheimer, & Simpson, 2008) . This protein-dependent change in feeding behaviour has been proposed to underlie modern trends of obesity in response to the increase in highly processed, proteinpoor foods in human diets (Simpson et al., 2003) , and to drive dramatic alterations in feeding behaviours such as swarming in S. gregaria (Despland & Simpson, 2000) and mass marching in Mormon crickets, Anabrus simplex (Simpson, Sword, Lorch, & Couzin, 2006) . Whether this dysregulation of carbohydrates on low-protein diets in D. melanogaster larvae has similar long-term metabolic or behavioural consequences has yet to be explored.
Why would animals regulate protein intake at the expense of carbohydrate intake? Protein and carbohydrate have equivalent caloric value. In animals, proteins are used for tissue growth by providing amino acids as the building blocks for new tissues, enzymes and other proteins. Carbohydrates, however, are mostly a source of energy for this biosynthesis and are converted into fats when present in excess (Flatt, 1970) . Thus, while proteins have unique functions that cannot be replaced by carbohydrates, when carbohydrates are depleted from the diet protein can yield energy by producing glucose through gluconeogenesis (Thompson, 2000) . Because protein cannot be replaced by carbohydrate, larvae might require tighter regulation of protein intake to reach the minimal thresholds required for growth, tissue formation and maintenance.
In addition to maintaining minimal protein intake, many animals, including D. melanogaster larvae, also maintain a maximal threshold for protein intake on the high-protein diets. Protein is a major source of nitrogen. However, nitrogen wastes (e.g. ammonia, urea, uric acid) are toxic and, thus, must be excreted (Wright, 1995) . Ingestion of protein-rich diets have been reported to be harmful or toxic in humans (Delimaris, 2013) , and high rates of urea excretion . Trade-off between low protein and potential toxicity in relation to developmental stage and the chemistry and concentration of the bitter/noxious compound. (aec) Preand postcritical weight larvae were given a choice between two different foods, the first a diet with 1.51 kJ/ml and a protein to carbohydrate (P:C) ratio of 1:8 and the second containing 1.51 kJ/ml and a P:C ratio of 1:32. The 1:8 food was tainted with different concentrations of caffeine or quinine. Large symbols represent the medians and small symbols overload the liver and kidneys (Bilsborough & Mann, 2006) . In flies, the Malphighian tubules excrete nitrogen in the form of ammonia and other types of waste products (Browne & O'Donnell, 2013) . As ammonia excretion requires large amounts of water (Wright, 1995) , animals with excess nitrogen must cope with both the toxic effects of protein by-products and potential dehydration. For these reasons, larvae might regulate their feeding to avoid exceeding a threshold of protein intake on high-protein, low-carbohydrate diets.
Although both pre-and postcritical weight larvae regulated protein intake at the expense of carbohydrate intake, precritical weight larvae maintained protein intake within tighter limits across a broader range of diets. This fits well with what we know about the differences in the consequences of starvation between these stages: the costs of poor nutrition are dramatically higher for precritical weight larvae, with greater reductions in survival, growth and developmental rates, than for postcritical weight larvae (Beadle et al., 1938; Mendes & Mirth, 2016; Mirth et al., 2005 Mirth et al., , 2009 Shingleton et al., 2005; Shingleton, Mirth, & Bates, 2008; Stieper et al., 2008) . Because larval growth depends primarily on protein (Britton & Edgar, 1998) , it follows that precritical weight larvae should show tighter regulation of this macronutrient.
Our study also shows that critical weight alters food choice behaviour and food intake in the presence of bitter, potentially noxious compounds. Pre-and postcritical weight larvae not only have different sensitivities towards these compounds, but also differ in how they regulate their macronutrient intake in the presence of these compounds. These characteristics lead to stagespecific behavioural strategies of bitter/noxious avoidance and trade-offs between low-protein and bitter/noxious foods. While precritical weight larvae generally maintained more constant protein intake across different contexts of dietary noxiousness, postcritical weight larvae responded to changes in the nutritional composition of their foods by showing higher protein intake deficits. Thus, the presence of bitter/noxious compounds in the larval dietary environments reveals that postcritical weight larvae are more flexible in their nutritional requirements than precritical weight larvae, presumably because the cost of protein dysregulation is not as high in postcritical weight larvae.
Strategies for coping with aversive compounds have been previously shown to change with adaptive evolution and environmentally induced morphs. Populations of German cockroaches exposed to toxic baits have evolved an aversion to glucose, a commonly used phagostimulant used in these baits (Silverman & Bieman, 1993; Silverman & Ross, 1994) . Laboratory populations of cockroaches, which have never been exposed to toxic baits, ingest the same macronutrient quantities regardless of whether the carbohydrate source is fructose or glucose (Jensen et al., 2015; Shik et al., 2014) . In contrast, glucose-averse populations of cockroaches significantly decrease their protein and carbohydrate intake in the presence of glucose compared to fructose (Jensen et al., 2015; Shik et al., 2014) . Similarly, polyphenism can alter how animals respond to aversive compounds. The locust S. gregaria exhibits two behavioural/morphological morphs: a solitarious, cryptic morph and a gregarious, aposematic morph that engages in swarming behaviour (Pener, 1991; Pener & Yerushalmi, 1998; Simpson, McCaffery, & Hågele, 1999) . Whereas solitarious locusts avoid foods with the plant alkaloid hyoscyamine, the gregarious morph shows no aversion (Despland & Simpson, 2000) . Locusts transitioning between solitarious and gregarious morphs will even seek out hyoscyamine (Despland & Simpson, 2000) . This increased consumption of toxic compounds offers a defensive mechanism that deters predators in the brightly coloured gregarious morph (Sword, Simpson, El Hadi, & Wilps, 2000) . Our study shows that in addition to adaptive genetic differences and environmentally induced differences between morphs, development itself can alter the response to aversive compounds throughout an animal's lifetime.
In summary, critical weight had previously been defined as a developmental transition that changes larval response to starvation (Beadle et al., 1938; Mirth et al., 2005; Shingleton et al., 2005; Stieper et al., 2008) . Our results expand this definition: the achievement of critical weight also defines the limits of macronutrient regulation together with the appropriate feeding strategies in D. melanogaster larvae. This work sets the stage for a deeper and represent the data points. (a) The proportion of the 1:8 food inside the larval guts after 1 h of feeding. The dashed line represents an equal proportion of both foods offered, indicating no preference (m ¼ 0.5). (b) Protein intake was normalized to the stage-specific median for the untainted 1:8/1:32 choice pair (dashed line at 0), and normalized protein intake was plotted against compound concentration for each stage and each compound. (c) Carbohydrate intake was normalized to the stage-specific median for the untainted 1:8/ 1:32 choice pair (dashed line at 0), and normalized carbohydrate intake was plotted against compound concentration for each stage and each compound. broader understanding of how animals match their changing metabolic requirements with food-related behaviours to satisfy their physiological needs throughout development. Future work in this field will shed more light on this exciting topic.
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The authors declare no conflicts of interest. Figure A1 . Reaction of D. melanogaster larvae to foods with red and blue dye. (a) Thirdinstar larvae were fed for 1 h in a two-choice assay. (b) Larvae were offered two foods with the same nutritional composition (1.51 kJ/ml with a protein to carbohydrate ratio of 1:1) but of different colours, red or blue (dye was added in a 5 ml/ml concentration).
APPENDIX
The plot shows the percentage of larvae from the total larvae assayed that had the two colours in their guts, distinguished by eye. Larval colour preference was assessed either by eye (grey shaded area) or quantified with a spectrophotometer (white area). The dashed line represents an equal percentage of both foods indicating no preference (m ¼ 50). Differences were assessed using a Wilcoxon signed-rank test. Protein eaten (mg for 10 larvae) Carbohydrate eaten (mg for 10 larvae) Figure A2 . Carbohydrate and protein intakes of outbred and w 1118 mutant strains of D. melanogaster. Postcritical weight larvae were offered a choice between two foods of equal caloric content (1.51 kJ/ml), but differing in their protein to carbohydrate (P:C) ratios (1.5:1, 1:1, 1:2, 1:4, 1:8, 1:16 and 1:32). Data from a previous study (outbred population), in which postcritical weight larvae could choose between two P:C ratios for 1.5, 3 or 6 h, were compared to the two-choice data from postcritical weight w 1118 larvae. Large symbols represent the medians and small symbols represent data points. Protein and carbohydrate intakes are shown for 10 larvae. Dashed lines highlight the protein to carbohydrate ratios of the diets from the choice pairs.
